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Abstract
5-Hydroxymethylcytosine (5hmC) is a DNA modification that is generated by the oxidation of 5-methylcytosine (5mC) in a reaction catalyzed by the ten-eleven translocation (TET) family enzymes. It tends to mark gene activation and affects a spectrum of developmental and disease-related biological processes. In this manuscript, we present a 5hmC selective chemical labelling technology (hmC-Seal) to capture and sequence 5hmC-containing DNA fragments with low input. We tested 10 tumour/ adjacent colon cancer tissues and 10 tumour/healthy plasma samples. Furthermore, we tested if this methodology could generate the 5hmC differential genes among cancer patients, healthy controls and precancerous adenoma patients from plasma.
Robust cancer-specific epigenetic signatures were identified for colon cancers. The results show that 5hmC is mainly distributed in gene active regions. The results also indicate the potential application of 5hmC change signals in early stage of colon cancer, even show potential in the diagnosis of precancerous adenoma. We demonstrated the robustness of the 5hmC-Seal method in tissue and cell-free DNA (cfDNA) as potential biomarkers. Moreover, this study provides the potential value and feasibility of 5hmC-Seal approach on colorectal cancer (CRC) early detection. We believe this strategy could be an effective liquid biopsy-based diagnosis and a potential prognosis method for colon cancer using cfDNA.
K E Y W O R D S
5-hydroxymethylcytosine, colon cancer, hmC-Seal, precancerous adenoma ten-eleven translocation (TET) family of dioxygenases that oxidize the 5mC modification to 5-hydroxymethylcytosine (5hmC), 7, 8 and further to 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) Cell-free DNA (cfDNA) originating from different tissues into the circulating blood has been studied for a long time and has shown significant roles in clinical diagnosis, 27 boosting the rapid development of the liquid biopsy-field. cfDNA-based biomarkers and detection tools offer substantial advantages over the intrinsic methods. The minimally invasive blood test has revolutionary potentials in clinics, having higher patient compliance, is clinically convenient, cost-efficient and enables dynamic monitoring. 28 Tumour-related somatic mutations in cfDNA have been well studied shown to be consistent with the mutations found in tumour tissue, which has been applied in dynamic monitoring of the drug treatment. However, mutation frequency is low and hard to provide the information on tissue of origin, which hampers the application of mutation detection methods into a universal diagnostic or prognostic method. Sensing hypermethylated 5mC region has been shown as an effect way to detect tumour biomarkers from plasma. [29] [30] [31] 5-Hydroxymethylcytosine could serve as a parallel or more valuable biomarker for human diseases because it represents active gene expression changes compared to the gene silencing effect in the hypermethylation region. Once the 5hmC patterns can be sensitively and robustly detected, disease-specific biomarkers could be identified.
Next-generation sequencing is an advanced platform for detecting cytosine modification patterns because of its ability in capturing complex information. A selective chemical labelling-based technology platform named 5hmC-Seal has been applied to map 5hmC using low-input DNA. Here, we showed that 5hmC-Seal technology is robust for 5hmC profiling in low-input DNA including cell-free DNA.
We detected differentially expressed 5hmC regions in both tissue gDNA and cfDNA in colon cancer patients. This technology showed high potential in real world clinics. 
| ME THODS

| Study design and sample preparation
| Spike-in probe
In this study, two similar spike-in probes with unique sequences named 5hmC spike-in and no5hmC spike-in were designed. 5hmC spike-in: 5′- 
| 5hmC-Seal-seq library preparation and sequencing
The 5hmC library preparation and sequencing were conducted as described previously. 32 Briefly, we applied the T4 bacteriophage β-glucosyltransferase to transfer an engineered glucose moiety containing an azide group onto the hydroxyl group of 5hmC. Then, 5hmC-containing DNA fragments were labelled by chemical modification with biotin on the azide group for further affinity enrichment. PCR amplification was utilized to amplify the captured DNA fragments, followed by the purification of the PCR products using AMPure XP beads according to the manufacturer's instructions.
Afterwards, the sequencing was performed on the Illumina NextSeq 500 platform.
For robustness validation, a standard 5hmC-containing gDNA (500 ng, Catalog# D5018, Zymo Research) isolated from human brain and spleen tissue was tested by 5hmC-Seal approach. This set is an ideal control for detection and quantification methods against 5mC and 5hmC as both the modified cytosines are present at physiologically relevant levels and loci.
| Sequencing data processing
Illumina reads were poste-processed and mapped to the human hg19 assembly using the bowtie program with default parameters.
We used samtools 33 to generate bigwig files, and deepTools 34 was adopted to plot the line chart of signal distribution. Model-based analysis of ChIP-seq (MACS) 35 was used to identify the 5hmC- 
| RE SULTS
First, we tested the robustness of 5hmC-Seal approach. Although the core chemistry of this technology has been developed for years, a systematic study on the robustness of this technology as a clinical kit is still lacking. We used a commercially available standard 5hmC-containing gDNA (Zymo research) isolated from human brain and spleen tissue to ensure the consistency of the sample. The workflow of 5hmC-Seal profiling method in this study was shown in Figure 1A .
As published before, the labelling, capture and washing steps were further optimized for capturing 5hmC-containing DNA fragments from low-input DNA. 32, 41 To verify the reproducibility of the technology, we repeated the library construction step of a 10-ng standard DNA sample for 10 times continuously for 10 days with three different technicians, and the correlation between the 10 replicates was analysed via Pearson correlation. To our delight, the 10 5hmC profiling maps were highly correlated to each other (R > 0.99, three representative correlation analysis results shown in Figure 1B ). This test was expanded to three independent batches of reagents with a continuous 20-day test and the similar high quality (data not shown) was maintained. To further study the reliability of the global 5hmC pattern, we visualized the 5hmC signals on the genome browser view, as shown in Figure 2 ; the 5hmC signals were distributed consistently on the genome among different replicates. Next, we designed two spike-in probes with only limited differences near the oligo ends to function as different sequences during analysis, one contains the 5hmC modification in the middle and one contains normal cytosine.
With this design, the sequence content between the two spike-ins is almost identical, thus this could be the ideal model for testing the 5hmC capture efficiency during the 5hmC-Seal assay.
Next, we applied this method in paired colorectal cancer samples, pairs of carcinoma tissues and adjacent tissues from five colorectal cancer patients, as well as plasma samples from colorectal cancer patients (n = 5) and health controls (n = 5). In general, the average all reads in 20 samples was 30 million bp. The all reads in the five cancer plasma samples were higher, which ranged from 34 million to 47 million bp with a mean value of 41 million bp. We revealed that 5hmC was enriched within the gene body. In addition, the genomic enrichment pattern of 5hmC was consistently observed in both tissue gDNA and blood cfDNA (as shown in Figure 1D ). Interestingly, the gene body enrichment of the blood cfDNA is much higher than the enrichment pattern from tis- To address the technology potentials in clinical diagnosis and prognosis, we tested if there are specific 5hmC profile patterns between the tumour samples and para-carcinoma tissues. As shown above, the 5hmC reads were mainly distributed in the gene body, therefore, define that the differential 5hmC region on the gene body could be a robust method to cost-effectively collect enough reads in statistics, which is important for a practical clinical purpose. We indicating that this 5hmC signal change could be a long-distance event. Gene Ontology enrichment analysis indicated that these 5hmC-change-related genes may be associated with important biological pathways during cancer development (as shown in Figure 3A ).
Finally, we tested if this methodology could generate the 5hmC differential genes among cancer patients, healthy controls and pre-cancerous adenoma patients from plasma, which is the key to evaluate the potential methods in non-invasive clinic diagnosis. We compared five plasma samples from colon cancer patients, three plasma samples from adenoma patients and five plasma samples from healthy individuals. We first identified the differential 5hmC genes (P < 0.05) and unsupervised hierarchical clustering with these genes was applied to all the samples. As shown in Figure 1I , the differential 5hmC genes could clearly cluster the samples from cancer patients early, even in the pre-cancerous adenoma. To better understand the differential genes found in the blood, GO analysis was adopted, the results revealed that the differential 5hmC genes from blood samples exhibited similar pathways with that from tissue samples ( Figure 3B ).
| D ISCUSS I ON
In this study, spike-in probes with only limited difference were adopted to verify the reliability of the 5hmC-Seal method for Next, we applied this method in pairs of carcinoma tissues and adjacent tissues from five colorectal cancer patients, as well as plasma samples from colorectal cancer patients and health controls.
We revealed that 5hmC was enriched within the gene body, while it was under-represented in regions near TSS, which is consistent with the previous studies. 23 Decreased global 5hmC levels in various cancer tissues were reported in previous studies, 15, 42 however, 5hmC gained peaks have been discovered as well. 32, 43 Our data again indicated that the decreasing global 5hmC level may not represent the 5hmC change in genome in diseases, but rather a total level change in background. When we visualized the 5hmC signal in loci, the 5hmC peaks are strongly increased in the cancer tissue across the gene body of the representative genes ( Figures 1H & 4) , indicating this 5hmC signal change could be a long-distance event.
In summary, we established a continuous quality control assay for testing the repeatability and stability of 5hmC-Seal technology, and further proved that this 5hmC profiling method is robust in mapping low-input DNA in a cost-effective manner.
5-Hydroxymethylcytosine occurs in gene bodies, indicating that the genomic locations of 5hmC is associated with actively expressed genes. Utilizing a robust and highly efficient profilingbased approach to map 5hmC samples from patients with cancer,
we were able to identify differential 5hmC peaks and genes that can distinguish tumour tissues from the adjacent normal tissues.
Our study showed that we can also identify differential 5hmC signals in plasma from colon cancer patients and healthy controls. On account of CRC are mostly sporadic and develop from removable precancerous lesions (adenomas) and curable early stage cancer, thus screening for CRC has high potential could reduce morbidity and mortality. 44 This study provides the potential value and feasibility of 5hmC-Seal approach on CRC early detection. Moreover, the results indicated that 5hmC profiling of cfDNA from liquid biopsies could serve as parallel or more valuable markers for non-invasive diagnosis and prognosis of various diseases.
| CON CLUS IONS
We demonstrated the robustness of the 5hmC-Seal method in tissue and cfDNA as potential biomarkers. Moreover, this study provides the potential value and feasibility of 5hmC-Seal approach on CRC early detection. We believe this strategy could be an effective liquid biopsy-based diagnosis and potentially serve as a prognosis method for colon cancer using cfDNA.
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